Continuous burst mode VLF measurements were recorded on the RBSP/Van Allen Probes satellites and are analyzed to detect pulses from the Russian Alpha (RSDN-20) ground-based navigational system. Based on the wave characteristics of these pulses and on the position of the spacecraft, the signals propagated mostly in ducted mode in the plasmasphere. Knowledge of the propagation path allowed us to carry out a monochromatic wave propagation inversion to obtain plasmaspheric electron densities. We compared the obtained densities with independent in-situ measurements on the spacecraft. The results show good agreement, validating our inversion process. This contributes to validating the field-aligned density profile model routinely used in the inversion of whistlers detected on the ground. Furthermore, our method can provide electron densities at regimes where no alternative measurements are available on the spacecraft. This raises the possibility of using this method as an additional tool to measure and monitor plasmaspheric electron densities.
Introduction
Artificial VLF signals have long been a useful tool in plasmaspheric research. They have been shown by ground-based measurements to be able to propagate in ducts in the magnetosphere (McNeill, 1967) . They were first observed in space by low Earth orbit satellites Ariel-3 and Ariel-4 that recorded the signals of the GBR, NWC and NAA NATO naval transmitters, both above the transmitters and at their respective conjugate regions, suggesting ducted propagation (Bullough et al., 1969 (Bullough et al., , 1975 . Similar low Earth orbit conjugate observations were reported by Cerisier (1973) of the FUB transmitter by the FR-1 satellite, by Larkina, Maltseva, and Molchanov (1983) in an experiment observing a Soviet transmitter at L=2.6 by the Intercosmos-19 satellite and by Sonwalkar et al. (1994) in another experiment observing signals on the Cosmos-1809 satellite sent from a transmitter in Khabarovsk. On the other hand, observations of unducted VLF transmitter signals on FR-1 were reported by Cerisier (1974) , and later on the high altitude satellites Explorer-45 and Imp-6 by Inan, Bell, and Anderson (1977) , ISEE-1 by Bell, Inan, and Helliwell (1981) , GEOS-1 by Neubert, Ungstrup, and Bahnsen (1983) and DE-1 and Cosmos-1809 by Sonwalkar and Inan (1986) ; Sonwalkar et al. (1994) , variously from Siple, Omega, Alpha and Khabarovsk transmitters. In these experiments, no six-component measurements of the electric and magnetic fields were available, and thus various assumptions were necessary to attempt to determine the wave characteristics. Shawhan (1982) lists further early examples of such multicomponent measurements. Yamamoto, Ito, Kishi, Sawada, and Kimura (1991) provides a determination of wave normal and Poynting vectors of an Omega signal observed by the Akebono satellite, based on five-component measurements.
Artificial VLF waves were proposed as a tool for studying wave-particle interactions, most famously in the Siple experiment (Helliwell & Katsufrakis, 1974) . Nunn (2015) gives a short review of research into triggered emissions. It was also shown that VLF transmitter signals may influence electron precipitation (Imhof et al., 1983) . Smith et al. (1987) was able to infer the L-value of the path and the cross-drift velocity of ducts from ground-based Doppler measurements of the NAA and NSS transmitters. Inan et al. (1977) attempted a reconstruction of the electron density distribution of the plasmasphere based on raytracing and the measured group delays of unducted VLF pulses in a satellite observation. The lack of complete wave characteristics, and the reliance on theoretical models for the field-aligned density distribution make a robust reconstruction challenging. Even more importantly, the fact that unducted whistlers can follow difficult to predict, complicated and often multiple paths, with sometimes multiple solutions, makes a general solution elusive.
With a view to previous results of both ducted and unducted VLF transmitter pulses, Clilverd et al. (2008) investigated the relative importance of the two types of propagation. They came to the conclusion that for low L-shell transmitters (L < 1.5), significant portion of the wave energy propagating into the plasmasphere is nonducted, while for larger L-shells, waves become highly ducted. The interhemispherically ducted propagation is limited by the minimum electron half gyrofrequency along the propagation path (Smith et al., 1960) (imposing an upper limit in L-value, depending on the frequency).
The ubiquitous existence of ducted VLF signals raises the possibility of using the group delay of such signals to measure electron densities in the plasmasphere. For a ducted signal detected by a satellite, we can reasonably infer its propagation path. Thus, a relatively straightforward propagation inversion can be carried out to obtain the electron density. This is also facilitated by recently available, more precise, experimental models of the electron density profiles along the field lines (Ozhogin et al., 2012) .
The Van Allen Probes satellites have been in orbit since 2012, with 6-channel wave experiments onboard (EMFISIS, Kletzing et al. (2013) ) that are appropriate for detecting and confirming ducted VLF signals. We are focusing on the Alpha VLF transmitters, which emit short pulses, with gaps between the pulses, making it relatively easy to determine the arrival time of each pulse. The relationship of their frequencies and the L-values of the transmitters permit the signals to travel the full interhemispheric path in most of the plasmasphere, thus, they should be detectable in a wide range of spacecraft positions, as shown in Section 2. In the following sections, we describe the methodology of using observations of such VLF pulses for determining plasmaspheric electron densities. Finally, in Section 7 we demonstrate the applicability of the method on a selected subset of measurements.
The utility of such a procedure is twofold. Firstly, it validates the propagation inversion process, and more specifically, the electron density profile models. This same inversion process is used, for example, for whistler inversion, a standard tool for acquiring plasmaspheric electron densities. It forms the basis of a recent global ground-based network for automatic detection and inversion of whistlers (AWDANet, see Lichtenberger, Ferencz, Bodnár, Hamar, and Steinbach (2008) and Lichtenberger et al. (2010) ). Second, this method escapes some of the limitations of other electron density measurements, e.g. those derived from plasma resonance frequencies on the RBSP satellites. Thus, it may possibly be used to regularly extend such density measurements, without any additional investment.
The Alpha Transmitters
Although the Alpha system has been in operation since the 1970's, to this day very little information has been published about it. We consulted Jacobsen (2006) , Jaatinen (2011) and Balov and Zarubin (2016) for basic information. In addition, we made VLF measurements at three AWDANet VLF receiver ground stations (Lichtenberger et al., 2008 (Lichtenberger et al., , 2010 : at Tihany, Hungary; Tvarminne, Finland; and Karymshina in Kamchatka, Russia (all within 2000 km distance of an Alpha transmitter) to confirm the Alpha transmission sequences and to determine their exact timing.
The Alpha (RSDN-20) radionavigation system consists of 3-5 stations, each station transmitting a unique repeating sequence, a combination of short pulses chosen from 4 fixed frequencies (or an equal timespan of silence). The pulses are 400 ms long followed by 200 ms spacing. The sequences consist of 6 pulses, thus, the total length of a sequence is 3.6 seconds, with 1000 repeats per hour. This synchroniza-tion is disrupted at times of UTC leap seconds and re-established a couple of days later, according to our measurements. The main frequencies used are F1=11904 Hz, F2=12648 Hz and F3=14880 Hz. A fourth frequency, F4=12090 Hz is only used by the Revda station. The pulses contain no modulation or other information. The transmission sequence is shown in Table 1 . As confirmed by our ground-based measurements, currently three transmitter stations are in regular operation (see map in Figure 2 ), which are located in Krasnodar (45.403 • N 38.158
• E, L=1.79), Novosibirsk (55.758 • N, 84.446
• E, L=2.69) and Elban (50.072 • N 136.609
• E, L=1.97) (the latter is also variously referred to in the literature as Khabarovsk or Komsomolsk-na-Amure (also Komsomolsk-on-Amur or Komsomolskamur), after the nearest main cities). A fourth station, located in Revda (68.037 • N 34.679
• E, L=5.56), has been active only for short periods of time. The literature lists a fifth station which we did not find any signs of being operational. More detailed descriptions of the system can be found in Jacobsen (2006) and Jaatinen (2011) .
Each station emits a unique sequence of pulses and thus, when a VLF receiver clearly records a complete sequence, the transmitting station can be easily determined. In case of ground-based receivers, the relative power, the direction (in case of directional receivers), and the transmitter-to-receiver propagation delay of the pulse sequences corroborated their inferred sources (see Figure 1a for an example). If only a part of a sequence or only a single pulse is recorded, which is the case for the satellite measurements in this study, the spacecraft position and a reasonable modelling of propagation delay still allows us to identify the source transmitter. For the source to be misidentified, the reconstructed pulse timing must be off by at least half of the pulse slot length, or 300 ms. El'ban) and the rarely utilized fourth station (Revda). The complete sequence is 3.6 seconds, divided into six 600 ms slots. The pulses themselves are 400 ms long followed by 200 ms gap.
For a given location in the magnetosphere, the local electron gyrofrequency can be calculated as f ce = eB0 2πm , where B 0 is the local background magnetic field strength, e and m are the electron charge and mass, respectively. For a monochromatic signal to propagate in a guided manner along the entire length of a magnetic field-line, it is believed that its frequency should not exceed the half of the gyrofrequency at any point. Thus, for each L-shell and corresponding B 0min , there is a maximum frequency that can undergo interhemispherically ducted propagation -or conversely, for each frequency, there is an outer L limit within which such propagation occurs (Clilverd et al., 2008) . For instance, for F3=14.8 kHz, this outer limit is L=3.1, while for F1=11.9 kHz, it is L=3.3. Thus, we can reasonably expect to observe guided Alpha pulses below this L-value, and focus our investigations to measurements within this region. The actual geographic location of the three main transmitters happen to fall well inside this limit. It has to be mentioned that even outside this L-limit, guided propagation may occur on a section of a field line starting on the source hemisphere and ending somewhere short of the magnetic equator. 
The EMFISIS Instrument
The Van Allen Probes (earlier Radiation Belt Storm Probes, RBSP) satellite pair orbits Earth in a 10 degree inclination quasi-equatorial plane with 600 km perigee and 30000 km apogee. EMFISIS is a wave instrument operating on these satellites. It records spectra and waveforms in 6 channels, from 3 magnetic search coils and 3 electric antennas. Its Waveform Receiver (WFR) can be operated in continuous burst mode to record 6 seconds (at a time) of continuous waveforms in all 6 channels, at 35 kHz sampling rate. Within the instrument, waveforms are passed through a 10 Hz -12 kHz bandpass filter before digitization and recording (Kletzing et al., 2013) . Unfortunately, this filtering completely attenuates the F3 alpha frequency. However, F1 pulses, and due to the slow roll-off of the filter, occasionally F2 alpha pulses too, can be observed in the recordings. Thus, the 6 second long, 6-channel WFR continuous burst mode data are ideal for the accurate detection of one or more 400 ms Alpha pulses. Figure 1b shows an example of such a detection. The 6 channels also allow the determination of wave characteristics, as we later show.
Another part of the EMFISIS suite, the High Frequency Receiver (HFR) analyses the 10 kHz -500 kHz range, and in its survey mode, it regularly records spectra of that range. These spectra are bin-averaged into 82 logarithmically spaced bins. These series of spectra are analyzed semi-automatically for the presence of plasma upper hybrid resonances to determine the local electron densities ("AURA" algorithm) and the results are regularly published as L4 data (Kurth et al., 2015) . Zhelavskaya, Spasojevic, Shprits, and Kurth (2016) presents a neural network trained on this same dataset which therefore yields very similar results without human oversight ("NURD" algorithm). In cases where data from AURA is not yet available, NURD can be used. Both of these datasets have an upper density limit of n e = 3000 cm −3 . We use these datasets as a reference to validate our results.
The resolution of the densities obtained by AURA (and NURD) is 10% (∆n/n). To improve on this, we processed the 4 ms long survey mode HFR wave measurements taken regularly at roughly 60 s time cadence and manually determined the upper hybrid frequency and the plasma frequency where possible. This method usually yields more accurate density values at a sparser sampling in time. We used this new dataset as additional reference (see Figures 3-5 ).
Confirmation of guided propagation
In Section 2, we argued that Alpha signals should be able to propagate in guided mode, starting from or near the geographic location of the transmitters. This is also supported by measurements, as shown on Figure 2 , where we plotted the spatial distribution of long term average fields. Left is a map of the long term average of the electric field at one of the Alpha frequencies based on data from the DEMETER satellite in low Earth Sun-synchronous orbit. Excess power can be seen above the three main transmitters, and importantly, also around their magnetic conjugates on the opposite hemisphere. This is explained by signal propagation outside the Earth-ionosphere waveguide, guided along the magnetic field lines in the magnetosphere. Such guided signals have also been directly observed on the ground in Australia near one of the conjugate coordinates by Tanaka, Nishino, and Hayakawa (1987) and Cohen, Inan, and Paschal (2010) (see fig. 7 therein) . On the right of Figure 2 we present a map of the average signal to noise ratio in the equatorial plane in Earth fixed polar coordinates (geographic longitude and radius), based on the EMFISIS HFR measurements on the RBSP-B satellite. This equatorial plane intersects the three magnetic field lines corresponding to the ground transmitters, at roughly midway along the field lines. Around the three intersection points on the plane, three patches of stronger signals can be seen. This distribution is also consistent with the L=3.1 upper limit of guided propagation corresponding to the relevant frequency, as discussed earlier.
Due to different transmitter and instrument duty cycles, measurement periods, etc. the signal strengths are not directly comparable between the two maps. Nevertheless, their distributions are consistent with the guided propagation of the Alpha signals.
Determining Pulse Time of Arrival
The fundamental input parameter of the inversion process is the travel time of the signal from the transmitter on the ground to the detectors on the spacecraft. This requires that we 1) know the timing of the pulses emitted by the transmitters on the ground and 2) measure the pulse time of arrival on the spacecraft. Since 1) is -6-manuscript submitted to JGR-Space Physics not documented in the literature, we had to first determine the precise timing of the emissions. This was done by determining the pulse arrival times at nearby groundbased VLF receivers and calculating the timing of the emitted signals by taking into account the propagation time in the Earth-ionosphere waveguide from the transmitter to the receiver.
As part of a hyperbolic navigation system, the Alpha pulses were designed for the detection and comparison of the phase of two pulses detected simultaneously. It was never intended for the precise determination of the arrival time of a single pulse. Nevertheless, it is still possible to determine the time of arrival with reasonable precision, by comparing the pulse envelope with the envelope of the transmitted signal, if the latter is known. Brown (1977) discusses the same problem in the context of the similar Omega system.
To determine the timing of the emissions and the pulse envelope shape, we averaged successive pulses recorded at a fixed location on the ground. We obtained the timing and the envelope to better than 1 ms precision (Figure 1c) . The determined signal envelope was subsequently matched to the signals detected on the RBSP satellites to determine the time of arrival.
When determining the time of arrival at the satellite, the attainable accuracy varied for each signal. For some pulses, it could be as good as 1 ms. However, due to usually low signal-to-noise ratio and occasional deviations from the established signal envelope shapes, accuracy was more typically between 1 and 10 ms. In some cases, no useful timing data could be obtained due to the signals being extremely faint or distorted. This may be a result of wave-particle or wave-wave interactions, attenuation, excitation, or different propagation (for example, multipath propagation may cause a stretching of the recorded signals, also observed by Sonwalkar et al. (1994) ). We excluded such signals from our analysis.
Wave Propagation Inversion
The total propagation time of a fractional-path whistler-mode wave from the source to the receiver at the satellite is T = T wg + T i + T m , where T wg is the travel time in the Earth-ionosphere waveguide between the transmitter and the presumed exit point, T i is the travel time through the ionosphere and T m is the travel time in the plasmasphere medium. We measure T as discussed in Section 5, and subtract T wg and T i to obtain T m . Subsequently, T m , or the propagation in the plasmaspheric path is inverted using wave propagation model based on Appleton-Hartree dispersion relation for longitudinal propagation, without approximation (see e.g. Helliwell (1965) ). The procedure is similar to the whistler inversion method for the monitoring of plasmaspheric electron densities described in Lichtenberger (2009) . In addition to the wave propagation model, it requires a magnetic field model and a model of the electron density profile along the field line is required. In this analysis we used the IGRF-12 geomagnetic model and the Ozhogin et al. (2012) density profile for this purpose. The inversion procedure yields an equatorial electron density, which can also be easily converted into local electron density at the satellite location for direct comparison with the in-situ reference measurements.
We estimated T wg as the geodesic distance between the spacecraft footprint and the transmitter divided by the speed of light. Actual propagation in the waveguide is slightly slower but this causes a negligible (1 to 10 µs) difference in time. For the propagation time across the ionosphere, T i , we relied on the formula of (Park, 1972) , which depends on the critical frequency of the F2 layer, foF2. To get a reasonable approximation of the ionosphere at every satellite footprint coordinate, we calculated foF2 values using the IRI (International Reference Ionosphere) model, and rescaled those values by actual measurements at a couple of locations. These ionospheric measurements were taken from nearby ionosonde stations, which were the following: Beijing, I-Cheon, Khabarovsk, Kokubunji, Magadan, Manzhouli, Mohe, Petropavlovsk/Paratunka, Wakkanai, Yakutsk (shown on the inset maps on Figures  3-5 ).
Results
Here we present an analysis of a subset of the measurements of our 2016 EMFI-SIS campaign targeting the Alpha transmitters. We selected three 30-minute periods (starting at 2016-02-15 05:15 UT, 2016-03-18 17:00 UT and 2016-03-24 18:00 UT) for a particularly consistent presence of Alpha pulses. The first and last sets were obtained by turning on the continuous burst mode measurement for 1 minute every 3 minutes. In the case of the second set, 6-second long continuous burst measurements were triggered intermittently by power in the VLF band (possibly due to the presence of strong whistlers), and thus this sequence is more irregular.
To process the data, first we identified any possible Alpha pulses at the F1 frequency, measured the timing of each pulse, and carried out the inversion process with the assumption that the propagation was guided, as discussed in Section 6. With the aid of the underlying field-aligned density profile model (Ozhogin et al., 2012) , we can obtain a density value at any point along the field line. On the top panels of Figures 3-5 , we compare the densities obtained at the location of the satellite to in-situ measurements of different nature (based on the detection of upper hybrid resonances in the plasma) as a reference. Altogether 233 pulses were processed.
While Ozhogin et al. (2012) gives an average model of the field-aligned density profile, their individual measurements show considerable variation, which can be accommodated for by changing the parameters (α = 1.01, β = 0.75) of their analytic formula:
We searched pairs of α and β parameters that lead to a better match between our inversion and the reference measurements. Indeed, we ended up with three parameter pairs that slightly deviate from the values in the average model, and give a better match to our three datasets (2016-02-15: α = 1.00 ± 0.05, β = 0.25 ± 0.05; 2016-03-18: α = 1.10 ± 0.05, β = 0.75 ± 0.05; 2016-03-24: α = 1.05 ± 0.05, β = 0.90 ± 0.05). These values are within the ranges observed by Ozhogin et al. (2012) . Inversion results with both the average model and the parameter fitted models are presented in the top panel of Figures 3-5 . The scatter in the density values is due to different pulse arrival times, which may be either real or due to measurement error, as discussed later.
As a second step, using the full, 6-component electromagnetic wave measurement of the EMFISIS instrument, we calculated the spectral density of the modulus of the Poynting vector using the real parts of the cross-power spectra between the 6-channel components (Santolík et al., 2010) . If our assumption of guided propagation is correct, the obtained Poynting vectors should be parallel to the field line, and thus, to the local direction of the magnetic background field. The middle panels of Figures 3-5 show the obtained angles between the field line and the Poynting vectors, with 180
• corresponding to parallel propagation away from the transmitter. We did not correct for the effect of any background noise on the determination of Poynting vectors, which may shift the results toward 90
• . Nevertheless, the obtained values are sufficiently good to decide between guided and unguided propagation.
Indeed, in most cases, the propagation direction was close to 180
• . An exception is the signals before the t=25 minute mark on Figure 5 , which exhibit oblique propagation. Accordingly, their inversion, which assumed guided propagation, lead to strong disagreement with the reference values. This underlines how in the rest of the cases the obtained propagation direction and the agreement between the inversion results and the reference support each other.
In the middle panel of Figure 4 , a set of pulses close to 0
• , can be observed, signifying propagation parallel to the field line but in the opposite direction, toward the transmitter. These may be signals that traveled all the way to their conjugate points, were reflected from the ionosphere there, and returned along the same path, where the satellite recorded them. The same process is responsible for the well known whistler echoes identified as 2-hop whistlers (Helliwell, 1965) . Luckily, assuming guided propagation for both the first and the return path, our inversion method can be carried out for these signals too. The results are shown in the top/bottom panels of Figure 4 , and seem to be in relatively good agreement with the reference measurement.
Here we would like to make a few notes. Alpha pulses are often observed in the EMFISIS measurements, and the three subsets of measurements presented here show a strong presence of pulses. Nevertheless, we also observed a couple of non-detections, or pulses that were missing, or possibly swamped by the noise. In addition, we also observed a small number of pulses with hardly discernible or distorted envelope shapes which prevented the determination of their timing; some overlapping pulses; and pulses with indeterminable propagation directions. These may possibly represent a lack of guiding structures, pulses attenuated by the medium or pulses undergone wave-particle interactions, multiple path pulses and obliquely propagating pulses, respectively. Such signals were not part of our analysis and are not shown on our figures, for sake of clarity. The only exception is the sequence of obliquely propagating pulses in Figure  5 . Finally, the bottom panels of Figures 3-5 serve as a final comparison of our results to the reference measurement. Here we converted both the in-situ reference measurement and our inversion results to equatorial electron densities and plotted them against the McIlwain parameter. For clarity, only the inversion results with the fitted parameter Ozhogin et al. (2012) models are shown.
Sources of Error
The two main sources of errors in the determined density values are the uncertainty of the measured travel time of the VLF signals and the assumptions involved in the inversion process. The former involves uncertainties in both emission and arrival time. Since we have determined the signal emission timing to better than 1 ms precision, the main source of uncertainty here is the uncertainty of the arrival time on the spacecraft. This depends on the clarity and sharpness of the signals and therefore the signal to noise ratio. It is usually under 10 ms, and in some cases can be as good as 1 ms. Unfortunately, the satellites have no onboard high precision time signal source such as GPS receivers, and thus the timestamps in the EMFISIS waveform data will have their own uncertainty with regards to actual UTC. The original EMFISIS design requirement called for a post-processing accuracy of 50 ms (see e.g. Kirby et al. (2013) ; note that the latter document contain some erroneous values regarding the components of timing, as confirmed by the authors. Correct values can be found in Kirby et al. (2012) .). Despite this broad requirement, our correspondence with the engineers involved suggests that the error of absolute times in the EMFISIS data is probably much better, on the order of 5 ms. This uncertainty, though, still precludes us from determining with certainty whether the observed scatter in the arrival times between consecutive signals (which can be seen as a scatter in densities in Figures 3-5) , is due to measurement error, or an actual variation in the propagation of consecutive signals.
Conclusion
We have detected VLF pulses on the RBSP satellites originating from the Russian RSDN/Alpha transmitters. We have shown that several sequences of these signals have undergone guided propagation, based on both their timing and their Poynting vectors. We applied propagation inversion to the measured signals, yielding plasmaspheric electron densities along the respective geomagnetic field lines. These values, when taken at the location of the satellites, were shown to be in good agreement with the local densities determined by an independent method that relies on the local upper hybrid resonance in the plasma. Furthermore, in some cases, we also detected echo signals, reflected from the opposite hemisphere and returning along the same field line all the way to the satellite. The inversion along their full path, including the return path, again lead to a good agreement with the rest of the measurements. Thus, the results of our procedure supports the validity of the propagation inversion, and the underlying assumptions: guided propagation along the field line, and the underlying field-aligned density profile model (Ozhogin et al., 2012) . We have shown that a slight tuning of the density profile model parameters, within its suggested ranges, produce slightly better agreement between our inversion results and the independent reference measurement.
We have also observed several non-detections. This is consistent with the theory of whistler propagation guided along ducts following geomagnetic field lines, when such ducts are present, and a lack of such signals at other times.
In principle, the detection and inversion of guided VLF pulses outlined above can be viewed as an alternative method of density measurement in the plasmasphere, if the field aligned density profile model is accepted as valid. Opposed to local measure-ments, this procedure is sensitive to the density along the complete propagation path. Furthermore, this method may in principle extend the measurement ranges in density to values not covered by other instruments. For example, the density values determined from upper hybrid resonances on the RBSP satellites are limited to a maximum of about 3000 cm −3 due to the upper frequency limit of the wave measurements, which can be clearly exceeded by our inversion results (Figures 3-5) . Our method relies only on the precise time determination of the signals. Unfortunately, in the case of the RBSP satellites, it is in practice limited by the uncertainty of the wave measurement timestamps. Future satellites with more accurate time measurement may show the limits of our method with regard to precision and range. Thus, it may be worth considering the opportunities offered by more accurate time measurement in the design of new wave experiments.
It is worth noting that while transionospheric propagation was considered a correction factor in our inversion, a similar method can be applied in principle to satellites in lower orbit, to probe the ionosphere itself.
